Introduction
Asthma in children is characterized by airway hyperreactivity and a strong genetic predisposition. The asthma-associated susceptibility locus 17q21 is strongly linked to childhood-onset asthma (1) , and asthma-associated genotypes in this region correlate with the expression of ORMDL sphingolipid biosynthesis regulator 3 (ORMDL3) (1) (2) (3) (4) (5) . Risk alleles within the 17q21 region that increase ORMDL3 are not only linked to childhood-onset asthma but also to wheezing during infancy and viral infections (6, 7) .
ORMDL3 inhibits serine-palmitoyltransferase (SPT), the rate-limiting enzyme complex of de novo sphingolipid synthesis (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI130860DS1) (8) (9) (10) . Sphingolipids are essential building blocks of cellular membranes and constitute key cellular signaling mediators (11) . SPT condensates an amino acid (usually serine) and a fatty acyl-CoA (usually palmitoyl-CoA) to produce 3-ketosphinganine, which is immedi-ately reduced to sphinganine. Sphinganine can be phosphorylated to sphinganine-1-phosphate or acylated to dihydroceramides. These analytes characterize the de novo sphingolipid synthesis pathway and are not generated through other means (8) (9) (10) . Dihydroceramides are metabolized to ceramides that, together with sphingomyelins and complex glycosphingolipids, constitute the bulk of mammalian sphingolipids. Ceramides, sphingosine, sphingosine-1-phosphate (S1P), and complex sphingolipids are mainly generated in the recycling pathway and do not solely depend on SPT (9) .
Experimentally, ORMDL3 overexpression and SPT inhibition cause airway hyperreactivity (12, 13) , and mice transgenic for human ORMDL3 have hyperreactive airways and reduced serum and lung sphingolipids (12, 14) . Pharmacologic inhibition or genetic impairment of SPT results in airway hyperreactivity without inflammation and in the absence of allergic sensitization (13) . In humans, asthma (15) (16) (17) has mostly been associated with increased serum ceramides and S1P, as have other inflammatory or autoimmune diseases (18, 19) . Elevated serum dihydroceramides distinguish exercise-induced bronchospasm, an asthma phenotype not typically associated with allergy, from other asthma endotypes (15) . It remains unknown whether 17q21 asthma-associated genotypes affect sphingolipid synthesis or whether decreased sphingolipid synthesis (as would be predicted by the ORMDL3-associated 17q21 asthma genotypes) is a feature of childhood asthma.
Risk for childhood asthma is conferred by alleles within the 17q21 locus affecting ORMDL sphingolipid biosynthesis regulator 3 (ORMDL3) expression. ORMDL3 inhibits sphingolipid de novo synthesis. Although the effects of 17q21 genotypes on sphingolipid synthesis in human asthma remain unclear, both decreased sphingolipid synthesis and ORMDL3 overexpression are linked to airway hyperreactivity. To characterize the relationship of genetic asthma susceptibility with sphingolipid synthesis, we analyzed asthma-associated 17q21 genotypes (rs7216389, rs8076131, rs4065275, rs12603332, and rs8067378) in both children with asthma and those without asthma, quantified plasma and whole-blood sphingolipids, and assessed sphingolipid de novo synthesis in peripheral blood cells by measuring the incorporation of stable isotopelabeled serine (substrate) into sphinganine and sphinganine-1-phosphate. Whole-blood dihydroceramides and ceramides were decreased in subjects with the 17q21 asthma-risk alleles rs7216389 and rs8076131. Children with nonallergic asthma had lower dihydroceramides, ceramides, and sphingomyelins than did controls. Children with allergic asthma had higher dihydroceramides, ceramides, and sphingomyelins compared with children with nonallergic asthma. Additionally, de novo sphingolipid synthesis was lower in children with asthma compared with controls. These findings connect genetic 17q21 variations that are associated with asthma risk and higher ORMDL3 expression to lower sphingolipid synthesis in humans. Altered sphingolipid synthesis may therefore be a critical factor in asthma pathogenesis and may guide the development of future therapeutics.
Decreased sphingolipid synthesis in children with 17q21 asthma-risk genotypes
Whole-blood sphingolipids are decreased in nonallergic asthma. Sphingolipids were quantified in the plasma and whole blood of subjects with and without asthma and were stratified for the allergic group based on eosinophil count prior to analysis. In plasma, subjects with high-eosinophil-count-associated asthma (≥300 eosinophils/mL) had increased dihydroceramide-C18 and ceramide-C20 compared with control subjects with high-eosinophil counts (Supplemental Figure 2 ). Sphingolipids did not differ between subjects with asthma and controls with low eosinophil counts (<300 eosinophils/mL) (Supplemental Figure 2 ). In contrast, sphingolipid profiles in whole blood showed lower dihydroceramides (C18, C18:1, C24:1), ceramides (C18, C20, C22, C24, C24:1), and sphingomyelins (SM18, SM18:1, SM24:1) in asthma subjects with low-eosinophil counts compared with controls with low-eosinophil counts (Figure 1 ). Whole-blood sphingolipid levels between asthma subjects with high-eosinophil counts and controls with high-eosinophil counts were similar ( Figure 1 ).
In high-eosinophilic asthma, dihydroceramides (C18, C18:1), ceramides (C16, C18, C20, C22, C24, C24:1), and sphingomyelins (SM18, SM18:1, SM24:1) were increased compared with low-eosinophilic asthma (Figure 1 ). We detected no differences in plasma or whole-blood sphingolipids between control sub-To assess whether sphingolipid synthesis is altered in asthma and with 17q21 asthma-associated genotypes, we measured de novo synthesis in peripheral blood cells using stable isotope-labeled serine and determined genotypes at five 17q21 asthma-associated SNPs in children with and without asthma. Secondary objectives were to determine whether differences in blood sphingolipids are associated with variation at 17q21 asthma-associated SNPs and are altered in children with asthma with or without allergic markers.
Results and Discussion
In total, 120 subjects with asthma (n = 59) and without asthma (n = 61) between the ages of 5 and 17 years were enrolled in the study. Age and sex distributions were similar between groups (Supplemental Tables 1 and 2) . Compared with controls, the subjects with asthma were more likely to have a history of atopy and allergies and had higher total IgE and eosinophils in peripheral blood. In our study, 70.5% of subjects with asthma reported being prescribed daily inhaled corticosteroid therapy, and 74% of the subjects with asthma received oral steroids at least once within the year of enrollment (Supplemental Table 2 ). The number of subjects with comorbid chronic medical conditions including obesity was similar between groups. in sphingolipid levels reflects structural alterations in blood cell membranes that contribute to asthma susceptibility and airway hyperreactivity or is instead a marker of a perturbed system cannot be answered with this study. 17q21 SNPs are associated with decreased dihydroceramide and ceramides. To evaluate the relationship between genetic variation at 17q21 and sphingolipids in whole blood, we determined genotypes at 5 asthma-associated 17q21 SNPs (rs7216389, rs8067378, rs4065275, rs8076131, and rs12603332). rs7216389 (risk allele T) was the lead SNP identified in the first GWAS (1) and an expression quantitative trait loci (eQTL) for ORMDL3 in the lung (21) and whole blood (4, 22) . Rs8067378 (risk allele A) has been associated with asthma and expression of GSDMB, but not ORMDL3, in bronchial epithelial cells (23) . Rs4065275 (risk allele G) and rs8076131 (risk allele A) are associated with jects with high eosinophil counts and those with low eosinophil counts ( Figure 1 and Supplemental Figure 2 ), nor were differences detected in whole blood when stratified for IgE levels (Supplemental Figure 3 ). Overall, these results demonstrate altered sphingolipids in the plasma and whole blood of children with asthma, with higher levels in plasma and lower levels in whole blood, and highlight a potential effect of allergy on sphingolipids in asthma. The more pronounced decrease in whole-blood sphingolipids in nonallergic compared with allergic asthma may either reflect a limited study size or that other factors affect sphingolipid levels in allergic asthma. The latter could further explain the strong association of 17q21 asthma-risk genotypes with nonallergic asthma described in the original GWAS (1) and in various studies since (4, 20) . The increase in whole-blood dihydroceramides, ceramides, and sphingomyelins in allergic compared with nonallergic asthma, which was not observed in controls, suggests an additional effect of allergic sensitization on sphingolipid metabolism in asthma that needs further investigation.
Elevated levels of serum or plasma sphingolipids, mainly S1P, dihydroceramides, and ceramides, have been described in children with exercise-associated wheezing (15) and in small groups of adults with asthma (16, 17) . The increased levels of plasma dihydroceramide-C18 and ceramide-C20 in asthma in the current study are consistent with a previous observation of higher serum dihydroceramide-C18 in children with exercise-associated wheezing (15) . A key finding of the current study is that plasma and whole-blood sphingolipids are fundamentally different. Since whole blood contains abundant erythrocytes and leukocytes absent in plasma, it is likely that the lower sphingolipid levels in nonallergic asthma reflect decreased membrane-associated sphingolipid levels. Whether this difference asthma-risk alleles are associated with decreased whole-blood sphingolipids. Of note, these results cannot be compared with a study involving a Swiss adult population, in which no associations were found between hydrolytic products of all plasma sphingolipids and rs7216389 genotypes (27) . Those analyses cannot distinguish long-chain bases originating from de novo synthesis and were not performed in whole blood. It is of interest that rs7216389 and rs8076131 risk alleles may protect children from wheezing through dose-dependent exposure to farm animals, suggesting that these genotypes could constitute genetic risk as well as confer environmental protection (6) . Sphingolipid de novo synthesis is decreased in asthma and is associated with an asthma-risk genotype. Given the high expression of ORMDL3 in T and B cells (25) , we used PBMCs to assess whether de novo sphingolipid synthesis is altered in children with asthma. PBMCs were incubated with stable isotopelabeled serine (C 13 N 15 ), and the [M+3] isotopes for sphinganine and sphinganine-1-phosphate were quantified as the primary outcome. Stable isotope-labeled sphinganine and sphinganine-1-phosphate were lower in children with asthma compared with levels in controls (P < 0.05; Figure 3 ). These findings were replicated in a second analysis of PBMCs from additional control and asthma subjects (Supplemental Figure 4) . When all data were combined and stratified by rs7218369 genotype, de novo-synthesized sphinganine and sphinganine-1-phosphate were lowest with the asthma-risk TT genotype (CC+CT>TT; Figure 4A ), and risk allele A (GG+AG>AA) for rs8076131 ( Figure 4B) . The rs7216389-TT genotype remained associated with lower de novo-synthesized sphinganine and sphinganine-1-phosphate in both control and asthma subjects following further stratification for each group, although this did not achieve statistical significance ( Figure 4C ). increased asthma susceptibility (4, 24) and ORMDL3 expression in lung and whole blood (25) . Rs12603332 (risk allele C) is the lead SNP for asthma in Mexican Americans and African Americans (26) and methylation (me)QTL/eQTL for ORMDL3 and GSDMB in blood cells (2, 4) . Individual genotype frequencies are presented in Supplemental Results and Supplemental Table  3 . Asthma-risk alleles for both rs7216389 (risk allele T) and rs8076131 (risk allele A) correlated with a decrease in 4 dihydroceramides (C16, C18, C24, and C24:1) and 3 ceramides (C16, C18, and C20); rs7216389 was additionally associated with decreased ceramide-C18:1 (Supplemental Table 4 ). Risk alleles of the asthma-associated genotypes rs8067378, rs4065275, and rs12603332 had no correlation with the measured whole-blood sphingolipids. Following stratification only for subjects with asthma, rs7216389 remained associated with 2 dihydroceramides (C16 and C18) and rs8076131 with 4 dihydroceramides (C16, C18, C24, and C24:1) and 3 ceramides (C16, C18, and C20) (Supplemental Table 5 ).
We next analyzed the association of rs7216389 and rs8076131 genotypes with whole-blood sphingolipids of all subjects and observed decreased sphingolipids in a genotype-dependent manner (Figure 2, A and B) . Specifically, for rs7216389, mean levels of four dihydroceramides (C16, C18, C24, and C24:1), sphinganine-1-phosphate, and 3 ceramides (C16, C18, and C20) were decreased in an asthma-risk genotype-dependent manner (TT<CT<CC) (Supplemental Table  6 ). For rs8076131, four dihydroceramides (C16, C18, C24, and C24:1) and 3 ceramides (C16, C18, and C20) decreased in an asthma-risk genotype-dependent manner (AA<GA<GG) (Supplemental Table 7 ). Sphinganine, sphingosine, S1P, and sphingomyelins were not associated with any of the SNP genotypes (Supplemental Tables 6 and 7 ). These data suggest that 17q21 All subjects underwent collection of blood for sphingolipid quantification, measurement of total IgE and eosinophil counts for characterization of allergic status, DNA isolation and genotyping at five 17q21 asthma-associated SNPs, and isolation of PBMCs for assessment of de novo sphingolipid synthesis. Sphingolipid quantitation. Sphingolipids were quantified in plasma, whole blood, PBMCs, and airway epithelial cells using high-pressure liquid chromatography electrospray ionization tandem mass spectrometry (HPLC-MS/MS) with minor modification of a previously described method (30) (see Supplemental Methods for complete details).
SNP genotyping. SNP genotyping was performed using TaqMan SNP Genotyping Assays (see Supplemental Methods for complete details).
Metabolic labeling and measurement of de novo-synthesized sphinganine and sphinganine-1-phosphate. Sphingolipid de novo synthesis was measured in PBMCs isolated from whole blood of control and asthma subjects by metabolic labeling with the SPT substrate serine. This method can reliably assess SPT activity (31) and is fully described in the Supplemental Methods.
Statistics. A 2-sample t test or χ 2 with Fisher's exact test was used to compare 2 groups depending on the type of data. ANOVA and logistic regressions were used to perform univariable or multivariable association analyses. Nonparametric testing was performed where data were not normally distributed. A P value of less than 0.05 was considered significant. To address multiple comparisons and control for the FDR, we applied the Benjamini-Hochberg (BH) procedure (32) to analyses involving 3 or more comparisons, using a maximum FDR of 0.05. Associations for SNPs and individual sphingolipids were analyzed using Pearson's correlation coefficient (see Supplemental Methods for complete details).
Study approval. The study was approved by the Weill Cornell IRB (protocol 1206012409) and the Western IRB of New York Hospital Queens (protocol 20150736). Written informed consent was obtained from all participants prior to inclusion in the study.
To assess whether the association between the rs7216389 asthma-risk genotype and lower sphingolipid synthesis is found in airway epithelial cells, we evaluated sphingolipids in adult primary epithelial cells with either rs7216389-TT or rs7216389-CC genotypes, grown as air-liquid interface cultures. This is an asthma-relevant cell type with high expression of ORMDL3 (28) and challenging to obtain from children. De novo-synthesized sphinganine and dihydroceramide-C24 were lower in cells with the risk-associated TT genotype compared with cells with the CC genotype. No differences were detected for the naturally occurring sphingolipids S1P, ceramide-C18, or sphingomyelin-C18 (Supplemental Figure 5 ). These results suggest that 17q21 genotypes that increase ORMDL3 expression are associated with decreased products of de novo sphingolipid synthesis.
The functional link of genetic variations in the 17q21 region to asthma has been mainly attributed to increased ORMDL3, although it remains unclear how this protein confers increased asthma risk (4) . Although it is undisputed that ORMDL3 is a key regulator of sphingolipid synthesis, other direct or indirect effects of ORMDL3 on ER stress and inflammatory responses have been proposed as the mechanistic links to asthma pathogenesis (20, 29) .
Here, we demonstrate that altered sphingolipids are associated with childhood asthma, as we found decreased de novo sphingolipid synthesis in blood cells of children with asthma and an association of 17q21 region asthma-risk genotypes with lower measured sphingolipids and sphingolipid synthesis in whole blood.
A limitation of this study is that because sphingolipids cannot be measured noninvasively in the airways of children with asthma, the assessment therefore relies on indirect measurements of blood and blood cells. Our findings in cultured airway epithelial cells that showed decreased sphingolipids in cells carrying the asthma-risk genotype support the idea that 17q21 genotypes can affect sphingolipid composition in respiratory tract-relevant cells. In this study, we did not assess ORMDL3 expression. The findings of a direct correlation between mRNA expression of ORMDL3 or other asthma-associated 17q21 genes in PBMCs and asthma (1, 2, 4) or asthma genotypes (24) have been inconsistent, with genotype-dependent gene expression for the asthma-associated SNPs rs8076131 and rs4065275 seen only after stimulation of PBMCs.
Overall, this study provides the first direct link, to our knowledge, of asthma genetics to decreased sphingolipid synthesis in humans, suggesting that impaired de novo sphingolipid synthesis is a direct result of increased ORMDL3. Altered cellular sphingolipids might therefore be a factor in asthma pathogenesis, affecting airway reactivity. Whether this factor is conferred directly through sphingolipid-triggered mechanisms or through interactions with other ORMDL3-associated inflammatory effects remains to be elucidated.
Methods
Study design and enrollment of subjects. For this case-control study with prevalent cases, children (5-17 years of age) were recruited from 2 ambulatory sites in New York, New York, providing pediatric primary and pulmonology care. The children were classified as having asthma if they had a diagnosis of asthma by a pediatric pulmonologist and had recent symptoms (see Supplemental Methods for complete details).
